We here report our studies on the conjugation of photoreactive Ru 2+ complex to oligonucleotides (ODNs), which give a stable duplex with the complementary target DNA strand. These functionalized DNA duplexes bearing photoreactive Ru 2+ complex can be specifically photolyzed to give the reactive aqua derivative, [Ru(tpy)(dppz)(H2O)] 2+ -ODN (tpy ) 2,2′:6′,2′′-terpyridine; dppz ) dipyrido[3,2-a:2′,3′-c]-phenazine), in situ, which successfully cross-links to give photoproduct(s) in the duplex form with the target complementary DNA strand. Thus, the stable precursor of the aquaruthenium complex, the monofunctional polypyridyl ruthenium complex [Ru(tpy)(dppz)(CH3CN)] 2+ , has been site-specifically tethered to ODN, for the first time, by both solid-phase synthesis and postsynthetic modifications. (i) In the first approach, pure 3′-[Ru(tpy)(dppz)(CH 3CN)] 2+ -ODN conjugate has been obtained in 42% overall yield (from the monomer blocks) by the automated solid-phase synthesis on a support labeled with [Ru(tpy)(dppz)Cl] + complex with subsequent liberation of the crude conjugate from the support under mild conditions and displacement of the Cl -ligand by acetonitrile in the coordination sphere of the Ru 2+ label.
2+
-ODNs form highly stabilized ODN‚DNA duplexes compared to the unlabeled counterpart (∆Tm varies from 8.4 to 23.6°C) as a result of intercalation of the dppz moiety; they undergo clean and selective photodissociation of the CH3CN ligand to give the corresponding aqua complex, [Ru(tpy)(dppz)(H2O)] 2+ -ODNs (in the aqueous medium), which is evidenced from the change of their UV-vis absorption properties and the detection of the naked Ru 2+ -ODN ions generated in the course of the matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometric analysis. Thus, when [Ru(tpy)(dppz)-(CH 3CN)]
-ODN conjugate was hybridized to the complementary guanine (G)-rich target strand (T), and photolyzed in a buffer (pH 6.8), the corresponding aqua complex formed in situ immediately reacted with the G residue of the opposite strand, giving the cross-linked product. The highest yield (34%) of the photo cross-linked product obtained was with the ODN carrying two reactive Ru 2+ centers at both 3′-and 5′-ends. For ODNs carrying only one Ru 2+ complex, the yield of the cross-linked adduct in the corresponding duplex is found to decrease in the following order: 3′-Ru 2+ -ODN (22%) > 5′-Ru 2+ -ODN (9%) > middleRu 2+ -ODN (7%). It was also found that the photo cross-coupling efficiency of the tethered Ru 2+ complex with the target T strand decreased as the stabilization of the resulting duplex increased: 3′-Ru 2+ -ODN (VI‚T) (∆Tm b ) 7°C) < 5′-Ru 2+ -ODN (V‚T) (∆Tm b ) 16°C) < middle-Ru
Introduction
Metal complexes can bind to DNA both via covalent 1 and noncovalent interactions. 2 In the first case, the substitution of a labile ligand of the metal complex by a nucleophile in DNA leads to the metal-DNA adduct formation. Electron-rich DNA bases or phosphate groups are available for such direct covalent coordination to the metal center. In the case of substitutioninert stable metal complexes, only noncovalent binding modes, such as electostatic binding, surface binding to grooved regions of the DNA, or intercalation of planar aromatic ligand into the stacked base pairs, can be realized. 3 In this category of inert complexes, polypyridyl complexes of Ru 2+ and Rh 3+ have been found to be valuable as luminescent reporters 4 and DNA/RNA cleaving 5 or cross-linking 6 agents and also for the study of the long-range energy-and electron-transfer processes through the DNA, 7 mainly due to their unique ground-and excited-state properties. 8 On the other hand, because of their relative inertness toward ligand-substitution reactions, such complexes were also successfully conjugated to oligodeoxynucleotides (ODNs) 9 to give the sequence specificity to complementary ODNs as well as to employ the light-activated properties of metallocomplex appending groups. These properties are of considerable interest for employing new tethered chemical or photo reagents to target DNA or RNA in a sequence-specific manner to give complementary addressed modification effect in a form of photocleavage of the target nucleic acid, which are elegantly shown by long-range oxidation of guanine in duplex DNA by tethered [Ru(phen)(bpy′)(Me 2 dppz)] 2+ (artificial nucleases; bpy′ ) 4-carboxy-4′-methyl-2,2′-bipyridine and dppz ) dipyrido[3,2-a:2′,3′-c]phenazine) 9f or by photo cross-linking of two nucleic acid strands 9i using tethered photoreactive [Ru(tap) 2 (dip)] 2+ . Both effects, directed to viral sequences within double-stranded DNA or single-stranded mRNA, allow regulation of gene expression at the stage of transcription (antigene strategy) 10 or translation (antisense strategy). 11 Clearly, highly reactive metal complexes containing reactive ligands should be able to give more desirable therapeutic effect because of irreversible covalent binding to DNA. 12 This has been proven for a wide range of functional metal complexes, such as cisplatin 13 and its ruthenium analogues, 14 cis-and transRu II Cl 2 (DMSO) 4 , Ru II (bpy) 2 Cl 2 , Ru III (tpy)Cl 3 , and [Ru II (NH 3 ) 5 Cl]Cl (DMSO ) dimethyl sulfoxide; bpy ) 2,2′-bipyridine; tpy ) 2,2′:6′,2′′-terpyridine), which showed antitumor activity and pronounced antimetastatic properties. There has also been much current interest in the chemistry of [Ru(tpy)(X)Cl] + type of complexes (X ) bpy, 1,10-phenanthroline (phen), and dppz) 15 primarily due to the reactivity resulting from the relatively facile dissociation of the Ru 2+ -Cl -bond (Figure 1) .
The unique leading feature of aquaruthenium complexes, Ru 2+ -OH 2 , is that they can bind to DNA presumably by replacement of the aqua ligand by nitrogen of a DNA heterocyclic base (this process is outlined by Ru II -OH 2 f Ru II -Y in Figure 1 ; Y ) DNA base). Particularly, it has been shown that intermolecular reaction between [Ru(tpy)(X)(H 2 O)] 2+ and double-stranded DNA 16 proceeds with a very poor yield ([Ru] bound /[DNA-nucleotide] ≈ 0.02) because of high steric constraints caused by the incoming bulky Y group toward other polypyridyl ligands. Additionally, two-electron oxidation of aquaruthenium(II) generates powerful oxidizing oxoruthenium(IV) complexes (this process is outlined by Ru II -OH 2 f Ru IV dO in Figure 1 ), which have been used in a variety of oxidation reactions of organic substrates, including DNA cleavage through the C8-guanine/C1′-sugar oxidation. 17 We here report our studies on the conjugation of photoreactive Ru 2+ complex to ODN, which can form a stable duplex with the complementary target DNA, and subsequently can be photolyzed to produce the corresponding reactive aqua complex, Ru 2+ -OH 2 , in situ, to cross-link with the complementary strand. Our initial results with the [Ru(phen) 2 (dppz)] 2+ -tethered ODN showed that the tethering of the complex through the dppz group enhances the stability of the duplex by 12.8-23.4°C as a result of threading of the dppz group through the duplex core; 9m hence, we chose the combination of tpy and dppz ligands to produce monofunctional [Ru(tpy)(dppz)(X)] 2+ to tether with ODN. The following requirements should be fulfilled for design and synthesis of an ODN-[Ru(tpy)(dppz)(X)] 2+ conjugate (X is a ligand, which upon activation gives the reactive aqua-Ru 2+ complex): (1) It should be accessible by one of the usually 
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exploited synthetic approaches (solid-phase synthesis or postsynthetic labeling) without any modification of the ligand X, (2 2+ labeled ODNs have been prepared by postsynthetic modification of ODNs carrying amino linker at the desired position. This strategy has been proven to be valuable for incorporation of metalating species containing sensitive functionality. Derivatization at the 3′-end has also been performed by solid-phase synthesis starting from [Ru(tpy)(dppz)Cl] + -modified support. The reactivity of the photolytically prepared [Ru(tpy)(dppz)-(H 2 O)] 2+ -ODN conjugates toward the complementary strand in a duplex has been studied, and compared with the reactivity of the untethered [Ru(tpy)(dppz)(H 2 O)](PF 6 ) 2 derivative.
Results and Discussion
(I) Chemistry of [Ru(tpy)(dppz)X] n+ (X ) Cl -, CH 3 CN, H 2 O). Ligand transformation and stability of subsequent complexes under the conditions of solid-phase synthesis, deprotection, and purification have been evaluated for a model compound [Ru(tpy)(dppz)Cl](PF 6 ) prior to the ODN-conjugate synthesis. The dissociation of Cl -ligand in aqueous medium to give Ru 2+ -OH 2 species is well-documented for numerous of the tetra-, tri-, di-, and monochlororuthenium(II) complexes. 20 The substitution of the aqua ligand by DNA constituents is believed to follow a reaction course similar to that found for other transition metal complex based anticancer drug action. 21 We found that [Ru(tpy)(dppz)Cl](PF 6 ) is kinetically stable in an acetone-H 2 O mixture (1:1, v/v) at room temperature, but as the temperature increases (from 37 to 55°C), the equilibrium is shifted, giving more aqua species. Subsequently, 1 H NMR spectroscopy analysis of [Ru(tpy)(dppz)Cl](PF 6 ) treated with aqueous NH 3 (25%) at 55°C for 17 h indicated partial formation of two compounds assigned as products of Cl -substitution by H 2 O and NH 3 . Thus, our preliminary studies clearly showed that Cl -ligand cannot be considered as X of the precursor ODN-Ru 2+ -X conjugate, because it is not adequately stable in the aqueous media, which limits its manipulations in the course of ammonia deprotection and purification by standard procedures.
This has led us to find other ligands, which are thermally stable such as in [Ru(tpy)(bpy)X] 2+ , in which X is acetonitrile or pyridine. 22a-c The unique property of X in these [Ru(tpy)-(bpy)X] 2+ complexes is that they undergo photosubstitution reaction to give the corresponding aquaruthenium complex. Table 1 for abbreviations.
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prepared, were deprotected with concentrated ammonia (55°C for 17 h) and purified by reverse-phase HPLC with a gradient of 5-50% CH 3 CN containing 0.1 M triethylammonium acetate, pH 7.0. The Ru 2+ -NCCH 3 complex 6 was synthesized in two steps, 15,22b,c Ru(tpy)Cl 3 f 5 (62%) f 6 (100%) (Scheme 1), and then it was coupled with the deprotected amino-modified ODNs in solution through the NHS ester 7 (93%) in the following manner: NHS ester 7 was prepared by treatment with N,N,N′,N′-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate in dry DMF. The reactivity of 7 as an activated ester was controlled by its reaction with ethylamine under anhydrous conditions (in dry dimethylformamide (DMF)), which afforded [Ru(tpy)(dppz-CONHEt)(CH 3 CN)](PF 6 ) 2 (compound 8) in 79% yield. Subsequently, the preparation of [Ru(tpy)(dppz)-(CH 3 CN)] 2+ -ODN conjugates was undertaken. Thus, aminomodified ODNs I-IV at a concentration of 0.22 mmol/L with a 25-fold molar excess of 7 were vortexed in 33% CH 3 CN/10 mmol/L sodium tetraborate (pH 8.5) at room temperature for 24 h in the dark. The reaction mixtures were then directly applied to the column packed with the cation exchange Sephadex SP C-25 resin and washed with 30% CH 3 CN/H 2 O to elute the crude ODN conjugates V-VIII (Table 1 ) from 7. Eluted material was evaporated with the temperature not exceeding 30°C and purified by reverse-phase HPLC under the same conditions as those employed for the purification of aminemodified ODNs.
Precautions should be taken in the pH adjustment of the reaction mixture, because at high pH the hydrolysis of the coordinated acetonitrile gives Ru 2+ -acetamide, 23 while at low pH competing hydrolysis of the NHS ester bond occurs. 25 Under our conditions, the yield of the coupling to give ODN conjugates V-VIII was 28-51%, which has not been optimized by using any other buffer system. 26 The Cl -ligand was unaltered under conditions used for their chemical conversions. It was however clear to us (see above) that Cl -ligand would not remain intact during the ODN assembly with 3′-[Ru-(tpy)(dppz)Cl] + -modified solid support; hence, we planned our strategy such that it would allow us to substitute Cl -by CH 3 -CN ligand. Compound 1 was linked (Scheme 2) to the Clligand containing complex, as in 5, by either amide bond formation (5 f 10 f 14 path) or by coordination reaction of Ru(tpy)Cl 3 with the functionalized dppz ligand 11 or 12 (11 f 13 f 14 or 12 f 14 paths). In the first path, Cl -containing [Ru(tpy)(dppz-COOH)Cl] + complex 5 (analogue of 6) was first activated and then coupled to the amine 1 in 52% overall yield using a procedure used for the coupling of complex 7 with ethylamine in dry DMF (Scheme 1). Alternatively, complex formation between Ru(tpy)Cl 3 and dppz-linker conjugate 11 afforded 13 (91%), in which the primary hydroxyl was protected with the 4,4′-dimethoxytrityl (DMT) group, giving finally compound 14 (56%). The reaction condition used for 11 f 13 allowed us to apply it also for the reaction with DMT-protected dppz-linker conjugate as in 12 f 14 (95%). Treatment of 14 with succinic anhydride produced the succinate 15 (62%). Following attachment of succinate 15 to the aminopropyl-CPG enabled us to prepare the [Ru(tpy)(dppz)Cl] + -modified solid support.
Appropriately tethered Ru 2+ -Cl -complex 13 was found to undergo Cl -ligand substitution by other ligands (X), such as pyridine, CH 3 CN, or H 2 O, under the reaction conditions usually antisense ODNs natural 5′-CTTACCAATC-3′ 67 28 were used, and the resulting ODNs were deprotected by ammonia treatment at room temperature (17 h) to exclude thermal dissociation of the Ru 2+ -Cl -bond and the subsequent ligand displacement. After filtration from the solid support the ammonia solution was concentrated in vacuo below 25°C, and residual aqueous solution was finally lyophilized. The lyophilized material was dissolved in a CH 3 CN-H 2 O mixture (1:1, v/v) and heated at 55°C for 17 h to substitute Cl -with CH 3 CN at the metal center to give the crude 3′-[Ru-(tpy)(dppz)(NCCH 3 )] 2+ -ODN conjugate VI (Table 1) , which was then purified by reverse-phase HPLC under the conditions employed for the purification of amine-modified ODNs. 
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2+ Conjugates A R T I C L E S typical chromatogram of crude amino-linker modified ODN II (R t ) 38.4 min) is shown, as an example in Supporting Information (S), Figure S1 (A). Coupling of 7 to the amino group of ODN II is indicated by consumption of the starting ODN (R t ) 38.2 min, Figure S1 (B)) and appearance of two wellresolved product peaks (R t ) 52.7 and 54.4 min, Figure S1 -(B)). These peaks were assigned to diastereomeric [Ru(tpy)-(dppz)(CH 3 CN)] 2+ -modified ODN VI (designated as VIa and VIb for the fractions eluted at 52.7 and 54.4 min, respectively), which was confirmed by comparison of their UV-vis spectral bands with the nontethered [Ru(tpy)(dppz-L)(CH 3 CN)](PF 6 ) 2 17 ( Figure S2 ). The A 260 /A 453 absorption ratio for these fractions (9.1) was also found to be higher than the corresponding ratio for the parent Ru 2+ complex 17 (3.5), thereby reflecting the contribution of the DNA bases at 260 nm (see below for mass spectral evidence). Products VIa and VIb showed the metalto-ligand charge transfer (MLCT) band at 453 nm, which is characteristic for the [Ru(tpy)(bpy)(CH 3 CN)] 2+ type of complexes. 22b,c,23 The MLCT transition is very dependent on the nature of unidentate ligand X in the complexes of general formula [Ru(tpy)(dppz-L)X] 2+ , as is clearly seen in Figure S3 . It implies that the CH 3 CN ligand has indeed remained intact in the course of the coupling reaction and purification under subdued light. Analysis of VIa and VIb by gel electrophoresis revealed ( Figure 2B ) that they migrate in a similar manner as retarded bands compared to the starting amino-modified ODN II, which, in turn, migrates slower than the native 10mer N. Clearly, the lower electrophoretic mobility of the metalated ODNs than the amino-linker-conjugated ODN II is due to the higher molecular weight (685 for [Ru(tpy)(dppz-CO)(N-CCH 3 )] 2+ residue) and a decrease of the overall negative charge by 2 in the former.
Composition of VIa and VIb and the presence of the tethered Ru 2+ complex was also confirmed by its degradation to nucleosides upon treatment with a mixture of snake venom phosphodiesterase (SVDP) and alkaline phosphatase (AP). Digestion of conjugates, followed by HPLC analysis, resulted in a chromatogram indicating the presence of three nucleosides expected for the sequence and strongly retarded species corresponding to the Ru 2+ complex. The identity of peaks eluted at 9.5, 13.9, and 16.6 min to dC, T, and dA, respectively, was proven by comparison with retention times for an authentic mixture of nucleosides. Areas under these peaks were divided onto corresponding molar extinction coefficients for dC, T, and dA, and the ratio of normalized areas was found to be 4.1:3: 2.9, which is close to the nucleoside composition in ODN VI (4:3:3).
The ODNs V, VII, and VIII, prepared postsynthetically from amino-modified ODNs I, III, and IV, respectively, were purified and characterized in a manner similar to that described for ODNs VIa and VIb. It should be noted that all couplings between amino-linked ODN I-IV and complex 7 resulted in the appearance of two product peaks in HPLC chromatograms (the resolution of these peaks in HPLC varied from 0.5 to 0.6 min for 5′,3′-bis-ruthenated ODN and middle-ruthentated ODN up to 2.4 min for 5′-conjugated ODN), as shown in Figure S4 . The PAGE showed ( Figure 2C ) they have similar mass-to-charge ratios, and it is concluded that these peaks represent the partially resolved mixtures of four possible diastereomers (for monometalated species), which result from (i) two possible orienta- Table 1 for abbreviations) and their native counterpart (N)*, showing their purities: (A) native ODN and amino-modified ODNs III, I, and IV; (B) native ODN N, amino-modified ODN II, and Ru 2+ -labeled ODNs VIa and VIb (obtained by postsynthetic reaction of ODN II + 7) and reversedphase HPLC purification (see Figure S1 ); (C) Ru 2+ -labeled ODNs VIa and VIb obtained by automated solid-phase synthesis starting with [Ru(tpy)-(dppz)Cl] + -modified support and purified by reversed-phase HPLC (see Figure S4 ). ODNs VII, Va, Vb, and VIII have been synthesized postsynthetically through the amide bond formation between complex 7 and ODNs III, I, and IV, respectively (see Experimental Part for detail).
tions 9e of the linker attached to the dppz ligand in the complex (as shown in Schemes 1 and 2) and from (ii) the R and S stereoisomers of the racemic sn-glycerol moiety of the linker. Consequently, bis-metalation gives rise to eight possible isomers of ODN VIII. Thus, it is not surprising that we could not achieve complete separation of all isomers for synthesized ODNs V-VIII. Further study on the DNA‚DNA duplex stability and photoreactivity showed no difference between separated fractions (consisting of partially resolved diasteomers) of ODNs V-VIII, which will be entirely characterized below as mixtures of all possible isomers. Figure S4 (E)) because they eluted as two ill-resolved major peaks; they were therefore pooled together, examined by ESI, and showed the m/z of 3913.3, which is consistent with their proposed structure. Thus, these ESI-MS data lead us to conclude that all metalated DNA conjugates have the CH 3 CN ligand intact in the coordination sphere of their Ru 2+ label. The separated pure fractions VIa and VIb of the 3′-[Ru(tpy)(dppz)(CH 3 CN)] 2+ -ODN conjugate, obtained by the automated solid-phase synthesis (as in Scheme 2), had m/z 3913.7 and 3913.2, respectively, i.e identical to those obtained by postsynthetic labeling (Scheme 1). This implies that the [Ru(tpy)(dppz)Cl] + complex attached to the solid support is relatively stable during the solid-phase ODN assembly and can be converted to the thermally stable Ru 2+ -CH 3 CN conjugate after ammonia deprotection at room temperature.
The The addition of imidazole to the ODN sample analyzed by ESI-MS led to the decrease of intensity of the [Ru(tpy)(dppz)-(CH 3 CN)] 2+ -ODN peak and an increase in the intensity of the naked Ru 2+ -ODN species (data not shown). This observation supports 22 that coordinated acetonitrile undergoes base hydrolysis to acetamide, which is released very rapidly from the Ru 2+ coordination center, since amides are poor π-acceptor ligands. 30 The above observations thus clearly fingerpoint that our [Ru-(tpy)(dppz)(CH 3 CN)] 2+ -ODN conjugates V-VIII are indeed thermally stable and can be actiVated by light through the dissociation of the CH 3 CN ligand, which suggests that CH 3 CN ligand can be expected to be replaced by other potential coordinating species if they exist in the reaction mixture.
(VI) Thermal Stability of (Ru 2+ -ODN)-DNA Duplexes. The ODN‚DNA duplexes were generated by hybridization of ODNs I-VIII with the 11mer ODN target (T) (Table 1) in a 1:1 ratio (1 µM of each strand in 20 mM phosphate buffer, pH 7.0, and 0.1 M NaCl). Thermal denaturation profiles of all duplexes exhibited a single, cooperative melting transition. The melting temperatures derived from these experiments are collected in Table 2 , which leads to the following conclusions: (i) A low T m increase for the duplexes I‚T, II‚T, and IV‚T (entries 2, 3, and 5 in Table 2 ) suggests that the amino-linker L tethered at 3′-or 5′-or at both terminals of 10mer strand N does not have a great influence on the thermodynamic behavior of a double helix. (ii) Conversely, internucleotide insertion of linker L (Table 1) between two central dC residues, as in ODN III, makes the linker L bulge out in the duplex III‚T in order to provide Watson-Crick base paring for the central 2 × (C‚ G). This strongly disrupts the helix, as is clearly seen from the drop in T m for III‚T (∆T m a ) -9.0°C, entry 4 in Table 2 ). (iii) Tethering of the [Ru(tpy)(dppz-CO)(NCCH 3 )] 2+ moiety to the amino linker of ODNs I-IV crucially changes the stability of the corresponding ODN‚DNA duplexes. The reason for the large increase in T m s (∆T m a varies from 8.4 to 23.6°C, Table 2 ) for all metalated duplexes (entries 6-9 in Table 2 ) can be presumably due to the intercalative interaction 9m,29 through the dppz moiety in addition to electrostatic stabilization provided by dipositive Ru 2+ complex. We, however, do not have any evidence to support either of them. (iv) The strength of duplex stabilization for various site-specific Ru 2+ incorporations into ODN compared to the native counterpart N‚T are as follows: 5′,3′-bis-Ru 2+ > 5′-Ru 2+ > middle Ru 2+ > 3′-Ru 2+ -modified duplex ( 
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(CH 3 CN)] 2+ complex itself (Table 2) . Such an effect is most pronounced in the case of internucleotide conjugation (compare III‚T with VII‚T: ∆T m b ) 24.3°C, entries 4 and 8 in Table 2 ) than for 5′-metalated ODN‚DNA (1.5 times) or 3′-metalated duplexes (3.5 times).
(VII) Photodissociation of the CH 3 CN Ligand from the Ru 2+ Coordination Sphere of [Ru(tpy)(dppz)(CH 3 CN)] 2+ -ODNs. UV-Vis and Mass-Spectroscopic Evidence. The photochemical behavior of the ODNs V-VIII has been first examined in aqueous solution in the absence of any potential nucleophiles by UV-vis spectroscopy. Under light irradiation (1 h, λ > 300 nm) the MLCT absorption bands initially centered at 454 nm shifted to longer wavelength (482 nm), exhibiting three isobestic points in the 300-600 nm region (309, 387, and 465 nm, respectively) as demonstrated in Figure 3B and Figure  S6 for ODNs V-VIII. A comparative study with 17 ( Figure  3A) has been undertaken as a reference in order to establish photodissociation of the CH 3 CN ligand in ODNs V-VIII in the course of light irradiation. Thus, complex 17 was photolyzed, and the product ( Figure 3A) , resulting from photosubstitution of CH 3 CN ligand by water molecule, was identical (UV-vis and NMR) to authentic 17b,27 [Ru(tpy)(dppz-L)(H 2 O)](PF 6 ) 2 (18; Scheme 2, Experimental Part), which was synthesized from 13 by treatment with silver p-toluenesulfonate in acetone-water (3:1, v/v). 27 Comparison of UV-vis in ODNs V-VIII with the monomeric Ru 2+ complex 17 (Figures 3 and S6) , as well as with their photolyzed products, leads us to conclude that an identical photosubstitution process takes place in [Ru(tpy)(dppz)-(CH 3 CN)] 2+ -ODNs V-VIII to give the corresponding [Ru(tpy)-(dppz)(H 2 O)] 2+ -ODN conjugates. The metalated ODNs were analyzed by PAGE before and after photolysis to confirm that no other degradation of the molecule occurs with the irradiation condition applied (Figure 4) .
(VIII) Intermolecular Photochemical Cross-Linking of Monoaqua Ru 2+ Complexes to the G-Rich Native DNA‚DNA Duplex. Thorp et al. first showed 16a that mono-and bis-aqua polypyridyl complexes of ruthenium(II) covalently bind to DNA, presumably at N7 of the G residue, with different efficiencies, depending upon the steric effects caused by polypyridyl ligands in octahedral geometry. Although an X-ray study 31 of the complex of bis-aqua Ru 2+ with 9-ethylguanine has recently confirmed N7 as the binding site of the G residue, no straightforward or any kind of spectroscopic evidence is however available supporting the structure of the complex of the monoaqua complex with the G-base. We have therefore reinvestigated the reaction of mono-aqua ruthenium(II) complex generated in situ with a native DNA duplex to understand the molecular nature of this reaction in the Ru 2+ -tethered ODN‚DNA duplex. Thus, the photolysis of [Ru(tpy)(dppz)(CH 3 CN)] 2+ in the presence of the native duplex N‚T (N is the natural antisense ODN containing only dA, dC, and T, and T is the target dG rich sequence, Table 1 ) was conducted to establish the ability of the photoactivated monofunctional Ru 2+ complexes to bind to the double-stranded DNA. The MALDI-TOF MS spectra of the photolyzed mixture ( Figure 5A ) revealed that the 10mer N (calculated monoisotopic mass is 2945.5; the observed mass is 2944.9) remained completely unaltered (with the partial addition of Na + indicated by the appearance of (+23n) satellite peaks, n is a number of Na + cations), while the target T strand containing dG nucleotides showed two new peaks at m/z of 4024.0 and 4642.6 ( Figure 5A ) in addition to the native T at m/z 3409.2. The peaks at m/z of 4024.0 and 4642.6 correspond to the molecular weight of the mono cross-linked product [T + Ru 2+ (tpy)(dppz)] and bis cross-linked product [T + (2 · (Ru 2+ (tpy)(dppz))]. It is of interest to note that only two Ru 2+ complex molecules at most bind to the target T strand of the duplex N‚T (a negligible amount of the tris-ruthenated target T was detected with m/z of 5263.4), most probably to two terminal guanine residues. The terminal G residues are more reactive than the central G residues because of the fact that they are easily accessible for the Ru 2+ complex for cross-linking compared to the internal ones which are firmly paired with the complementary dC nucleotides in the core of a double helix. Consistent with the MS data, the autoradiography of the PAGE of the photolyzed reaction mixture of [Ru(tpy)(dppz)(CH 3 -CN)] 2+ and native duplex N‚T, formed with 32 P-labeled T strand, showed the appearance of a series of bands migrated more slowly compared to the parent 32 P-labeled target T ( Figure  5B) . Thus, the present study clearly establish that [Ru(tpy)-(dppz)(CH 3 CN)] 2+ and its derivatives, upon light activation, can bind to the N7 of the guanine moiety of the dG nucleotides of the double-stranded DNA.
(IX) Intramolecular Photochemical Cross-Linking of Ru 2+ (CH 3 CN)-ODNs to the Complementary Strand in the Duplex. From the above intermolecular cross-linking experiment, it is clear that when a monofunctional Ru 2+ complex is tethered to an ODN strand in a ODN‚DNA duplex, it should also cross-link, upon photoactivation, with the complementary target strand (T) containing G residue(s) in the direct proximity of the appended Ru 2+ center. This was indeed observed for our ([Ru(tpy)(dppz)(CH 3 CN)] 2+ -ODN)‚DNA duplexes when subjected to light irradiation, thereby confirming the in situ generation of the reactive aquaruthenium-ODN conjugates. The target strand, T, was constructed in such a way that, in all Ru 2+ -modified duplexes, the Ru 2+ complex is in close steric proximity to the target G residue (Table 1 ). Figure 6A shows the autoradiogram from the photolysis experiments of the duplexes immediately analyzed after irradiation (2 h) by PAGE in denaturing conditions. All of the ODNs V-VIII produced a higher molecular weight band (P) under light exposure, indicating the formation of a cross-linked product. As expected, the highest yield (34%) was obtained with the ODN VIII carrying two reactive Ru 2+ centers at both 3′-and 5′-ends (lane 2 in Figure 6A ). For ODNs carrying only one Ru 2+ complex, as in V-VII, the reactivity is found to decrease in the following order: 3′-Ru 2+ ODN (VI‚T) (22%) > 5′-Ru 2+ ODN (V‚T) (9%) > middle-Ru 2+ ODN (VII‚T) (7%). Thus, the cross-coupling efficiency of the tethered Ru 2+ complex and the stabilization effect (see ∆T m b in Table 2 ) follow a reverse order. This means that as the structural rigidity of a metallointercalation site in a duplex increases [3′- Table 2 )], the photochemical crosslinking yield decreases. Clearly, the intercalation of the Ru 2+ complex through the helix in the middle-Ru 2+ -modified duplex (VII‚T) gives a more rigidly packed structure, reducing the metal center flexibility, and consequently the accessibility of the target G residue by the aquaruthenium moiety becomes severely restricted, which results in a poor yield in the crosscoupling reaction. MALDI-TOF MS analysis of the irradiated 3′-Ru 2+ -modified duplex VI‚T ( Figure 6B , for an example) confirmed the formation of the cross-linked product generating 1-charged ions at m/z 7282.1 (calculated m/z 7281.6), which corresponds to the sum of the m/z values observed for the nonreacted target strand T (3410.3) and singly Ru 2+ -modified 2+ for 2 h in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaClO4 and passed after photolysis through the Sephadex G-25 column to remove salts. The peaks corresponding to the target ODN T bound with Ru 2+ (tpy)(dppz) residues are depicted as T + nRu 2+ (n ) 1, 2, 3). (B) Autoradiogram of a 20% denaturing polyacrylamide gel of the photolyzed (2 h) complex [Ru(tpy)(dppz)(CH3CN)] 2+ and the duplex, N‚T (formed with 5′-32 P-labeled 11mer T and 10mer N) in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaClO4. Lane 1: [Ru(tpy)(dppz)(CH3CN)] 2+ and duplex N‚T in 1:1 ratio after photolysis. Lane 2: [Ru(tpy)(dppz)(CH3CN)] 2+ and duplex N‚T in 5:1 ratio after photolysis. Lane 3: Pure 5′-32 P-labeled 11mer T for comparison.
ODN VI with decoordinated CH 3 CN ligand (3872.7, see Figure  S5 (B) for comparison).
(X) Kinetics of the Reaction of Tethered Monofunctional Ru 2+ Complexes in the Duplex. The kinetics of photo crosslinking reaction for the 5′,3′-bis-Ru 2+ -modified ODN with the target (VIII‚T) was examined. It was photolyzed for 5 h, and aliquots were withdrawn at definite time intervals, immediately frozen, and lyophilized before PAGE analysis. The PAGE results are presented in Figure 7A (lanes 1-6) . A plot of the percent yield as a function of time ( Figure 7B ) shows the yield of the adduct with ODN VIII is almost steady after 1 h of irradiation, achieving the maximal Value of ∼33% at the plateau. The reason for such a low saturation level of the cross-coupling reaction (as shown in Figure 7B ) can be 2-fold: (i) the crosscoupling reaction is reversible because of low product stability, or (ii) the target reaction is accompanied by side reactions deactivating the intermediate aquaruthenium(II)-ODN conjugate. To examine the stability of the cross-coupling product, the reaction mixture obtained after irradiation for 5 h was kept at room temperature and analyzed by PAGE ( Figure 7A , lanes 7-9). It can be seen that the yield of the high molecular weight cross-linked product (P in Figure 7A ) relative to the starting 32 P-labeled target ODN T very slowly decreases from 33% to 25% over a period of standing at room temperature for 15 h. When the 32 P-labeled high molecular weight band (i.e. lowmigrating P band on PAGE in Figure 7A , lane 5) was excised, and extracted from the gel with sodium acetate (0.3 M), the analytical PAGE of the isolated cross-coupled product revealed ca. 50% regeneration of the nonmodified 32 P-labeled target ODN T ( Figure 7C, lane 2) . This shows that the photo cross-coupling of the double strands is a slow reversible reaction, which under the present reaction condition gives an yield of ca. 25% of the photoadduct for the bis-Ru 2+ -modified duplex (lane 9 in Figure  7A ).
We have subsequently performed the photo cross-linking reaction in a large scale (with 17 nmol of duplex compared to the analytical photolysis experiments (0.2 nmol) with 32 P-labeled target ODN T) for the 3′-Ru 2+ -modified duplex VI‚T and 5′,3′-bis-Ru 2+ -modified duplex VIII‚T in order to examine if any other product is formed during the reversible reaction: The reaction mixtures were desalted and then separated by PAGE and were examined both under 254 and 366 nm lamps ( Figure  8A ). Optimal separation of the photoproduct (from VI‚T) was achieved in the case of the mono-Ru 2+ -labeled duplex (lane 1 in Figure 8A ). UV-shadowing PAGE at 366 nm for the photo cross-linking experiment with VI‚T clearly exhibits that the photoproduct (low-migrated band) contains Ru 2+ complex. The low-migrated band in PAGE (lane 1 in Figure 8A ) was excised and examined by MALDI-TOF MS ( Figure 8B ). The fragmentation pattern in MALDI-TOF MS showed the presence of both product and starting materials (VI and T). This showed that the adduct is partially unstable to give starting materials (VI and T) without any secondary modifications. On the other hand, the fluorescent photoproduct band (visbile at 366 nm) in the reaction of bis-Ru 2+ -modified duplex (VIII‚T) has electrophoretic mobility very similar to that of the parent ODN VIII, but free of target T (lane 2 in Figure 8A ), and they could not be separated. The low-migrated product band with ODN VIII in PAGE (lane 2 in Figure 8A ) was excised and examined by MALDI-TOF MS ( Figure 8C ), which showed peaks for both starting materials (VIII and T) as well as the photoproduct (m/z 8206.7). The product peak at m/z 8206.7 most probably coprresponds to a mixture of two mono (3′-Ru 2+ -G and 5′-Ru 2+ -G) adducts as well as the bis-adduct. Clearly, it is not possible to distinguish the composition of this mixture from mass spectrometry ( Figure 8C ) since both mono-or/and biscross-linked products have the same mass.
To confirm the reversibility of binding of the monofunctional polypyridyl Ru 2+ complexes, [Ru(tpy)(dppz-CONHEt)(H 2 O)] 2+ was reacted to 5′-dGMP in equimolar ratio in an acetone-d 6 / D 2 O mixture at various temperatures; the time dependence of the reaction was monitored by 1 H NMR. The composition of this reaction mixture was identified by positive ion mode MALDI-TOF MS as a mixture of the starting complex 9, which is ionized with the loss of a H 2 O molecule [Ru 2+ (tpy)(dppzCONHEt)-H + , the calculated monoisotopic mass is 687 and the observed mass is 687.1], and the product, (dppz-CONHEt)-(tpy)Ru 2+ -dGMP (m/z ) 1034). The overall composition of the product peak (1034) fits the expected adduct of the formula [C 46 H 39 N 13 O 8 PRu] + , indicating that complex 9 covalently binds to dGMP in the course of incubation. The observed kinetics ( Figure 9A ) showed that the reaction never goes to completion and, in fact, reaches an equilibrium depending upon the reaction condition. Data points (concentration as a function of time) have been approximated with functions derived from the rate law equation for a reversible reaction of the type A + B a X + Y, and equilibrium constants K (1.87 × 10 4 to 1.07 × 10 5 for the temperature range of 56-20°C) were obtained from the extrapolation of such functions to infinite time (see Experimental Part for details). As seen from experimental data, the equilibrium is only slightly shifted to the product side with the decrease of temperature, which indicates that the reaction is poorly exothermic. Fitting of observed equilibrium constants K to the VanHoff equation (Figure 9B ) gave -39.3 ( 1.7 kJ/mol for ∆H°a nd -0.038 ( 0.006 kJ/(mol K) for ∆S°(-T∆S°) 11.0 ( 1.7 kJ/mol). Our experimental results show that the product complex, [Ru(tpy)(dppz-CONHEt)(dGMP)], thus formed suffers a slow reverse aquation and exists in equilibrium with [Ru-(tpy)(dppz-CONHEt)(H 2 O)] 2+ , in 8:2 ratio in favor of the adduct, at room temperature ( Figure 9A ). Next, we added an formed with 5′-32 P-labeled 11mer T and 5′,3′-bis-Ru 2+ -labeled ODN VIII in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaClO4. Lanes 1-6: duplex VIII‚T irradiated at room temperature for 5 min, 10 min, 30 min, 1 h, 2 h, or 5 h, and immediately analyzed by PAGE after photolysis. Lanes 7-9: duplex VIII‚T irradiated for 5 h at room temperature, which is then kept standing at room temperature (without photoirradiation) for 1, 2, or 15 h, respectively, showing the yield of the cross-linked photoadduct is ca. 25% (after 15 h). (B) Plot of cross-coupling product (P) yield versus irradiation time for duplex VIII‚T immediately analyzed by PAGE after photolysis experiments, showing a maximum yield of 33% for cross-linked product, P, at the plateau. The duplex concentration in each experiment was 10 -5 mol L -1 . (C) Autoradiogram of a 20% denaturing polyacrylamide gel showing the high molecular weight band (P) after photolysis (2 h) of the duplex formed with 5′-32 P-labeled 11mer T and 5′,3′-bis-Ru 2+ -labeled ODN VIII in 20 mM phosphate, pH 6.6, buffer and 0.1 M NaClO4 (lane 1), followed by excision of the high molecular weight band (i.e. P), extraction from the gel with sodium acetate (0.3 M) overnight at room temperature, and passing through the Sephadex G-25 column (lane 2), showing P and 5′-32 P-labeled 11mer T in ca. 1:1 ratio. Lane 3: 5′-32 P-labeled 11mer T.
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2+ Conjugates A R T I C L E S excess of CH 3 CN to the reaction mixture when it has already reached the equilibrium, and incubated in the dark at room temperature. After 17 h of incubation with CH 3 CN, 1 H NMR spectra indicated only (data not shown) the presence of starting dGMP and [Ru(tpy)(dppz-CONHEt)(CH 3 CN)](PF 6 ) 2 (8), which finally confirms the reversibility of the reaction. Relatively poor stability of the adduct could be a consequence of high distortions of octahedral geometry which arise to minimize steric constraints between bulky guanine and polypyridyl ligands (tpy and dppz).
Conclusions
(1) The monofunctional [Ru(tpy)(dppz)(CH 3 CN)] 2+ complex has been attached to oligodeoxynucleotide by postsynthetic labeling of the appropriate amino-linker modified ODN precursors as well as by automated solid-phase synthesis on a support labeled with the [Ru(tpy)(dppz)Cl] + complex.
(2) The conjugates prepared by both synthetic strategies were characterized by ultraviolet-visible absorption spectroscopy, enzymatic digestion, polyacrylamide gel electrophoresis, and mass spectrometry.
(3) The 5′-, 3′-, middle-, and 5′,3′-bis-Ru 2+ -modified ODNs form duplexes with 11mer DNA target, which are significantly stabilized (∆T m ) 8.4-23.6°C) compared with the natural DNA‚DNA duplex.
( proximity of the Ru 2+ label, the illumination leads to the formation of a cross-link between the metallocomplex tether and the G base. The complexation of the guanine derivative to the polypyridyl Ru 2+ (tpy)(dppz) moiety generating in the course of CH 3 CN ligand photoexclusion finally affords the adduct in which most probably the guanine ring suffers strong steric repulsions from the other polypyridyl rings. This makes the resulting octahedral Ru 2+ system very congested and relatively unstable. Contrary, small entering ligands with less ability to induce steric repulsions (as in the [Ru(tpy)(dppz)(py)] 2+ analogue, py ) pyridine) can form stable adducts with Ru 2+ (tpy)-(dppz) species.
Implication. In contrast to the agents which bind to DNA on the basis of their chemical reactivities (for example, bromoacetyl, 32 nitrogen mustard 33 residues, cis-chloroplatin, 34 aziridine 35 ), photochemical counterparts 9i,36 (psoralens, 37 porphyrins, 38 p-azidophenacyl, 39 3-azidoflavine 40 ) have an advantage that such chemicals can be selectively activated both in time and space to interstrand cross-link or oxidize, thereby minimizing the toxic side effects within healthy tissue. On the other hand, real regulation of gene expression can however be only achieved by precise directing the drug reactivity to the desired DNA or RNA sequence through the attachment of the reactive moiety to the oligonucleotide, which hybridizes to the target nucleic acid in a sequence specific manner. This is the first report of Ru 2+ -labeled ODNs which can be easily synthesized and are thermally stable. They can be targeted to complementary DNA to form a duplex, and subsequently activated by light, owing to the photoaquation of their Ru 2+ label, and then cross-link two DNA strands of the duplex. Thus, these Ru 2+ -labeled ODNs provide a "switch-like" mechanism that permits the metal complex to be turned on after duplex formation. By varying the number of coordination sites available for photoaquation in octahedral polypyridyl Ru 2+ complexes or the type of entering ligands one can highly control both the reactivity and specificity of the resulting aquaruthenium(II)-ODN conjugates. 1 H NMR spectra (δ scale; J values are in Hz) were obtained at 270 MHz on a JNM-GX 270 spectrometer with SiMe4 as an internal standard.
31
P NMR spectra were obtained at 36 MHz on the same spectrometer using 85% phosphoric acid as external standard.
13
C NMR spectra were obtained at 22.5 and 69 MHz in the same solvent using the solvent resonance as the internal standard.
11-[(9-Fluorenylmethoxycarbonyl)amino]-1-{[(4,4′-dimethoxytrityl)oxy]methyl}-3,6,9-trioxaundecan-1-ol (2). 9-Fluorenylmethyl chloroformate (168 mg, 0.65 mmol) was added to a stirring solution of compound 1 (284 mg, 0.54 mmol) and N,N-diisopropylethylamine (110 µL, 0.65 mmol) in dry DMF (1.5 mL). The mixture was stirred 1 h at room temperature and then poured into cold saturated NaHCO 3 (10 mL) to precipitate the product. The solid was collected by filtration and washed several times with water. The precipitate was taken up in CH2Cl2-cyclohexane (1:1) and purified by silica gel column chromatography eluting first with 50-100% CH2Cl2 in cyclohexane and then with 0-4% EtOH in CH2Cl2 (270 mg, 67% yield). Rf: 0.56 (A). To a solution of 4 (62.5 mg, 74 µmol) in dry acetonitrile (5 mL) was added 370 mg of aminopropyl CPG, N,N-diisopropylethylamine (1.2 mL, 7.4 mmol), benzotriazol-1-yloxytris(dimethylamino)phosphonium hexaflourophosphate (65 mg, 148 µmol), and N-hydroxybenzotriazole (20 mg, 148 µmol). The mixture was gently agitated at room temperature for 2 h; the CPG was filtered, washed (CH 2Cl2), and assayed for loading of 4 (49 µmol/g resin). The excess of amino groups on the support was then acetylated with 3.3 mL of acetic anhydridepyridine (9:91, v/v) containing 4-(dimethylamino)pyridine (59 mg) for 2 h. The support was then filtered and thoroughly washed with pyridine, CH2Cl2 (4 times), and diethyl ether (4 times) and then vacuum-dried.
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[Ru(tpy)(dppz-COOH)Cl]Cl (5). Ru(tpy)Cl3 (704 mg, 1.6 mmol) and dipyrido[3,2-a:2′,3′-c]phenazin-11-carboxylic acid (522 mg, 1.6 mmol) were heated at reflux for 4 h in 140 mL of EtOH-H2O (3:1, v/v) containing LiCl (374 mg, 8.8 mmol) and Et3N (0.4 mL) as a reductant. The pot contents were filtered hot, and their volume was reduced to ∼40 mL with a rotary evaporator. The chloride salt of product was precipitated by the addition of acetone (280 mL) and cooling (4°C) for 2 h. The solid was filtered onto a fine-porosity frit, rinsed with acetone and diethyl ether, and air-dried (724 mg, 62% yield). N,N-diisopropylethylamine (14 µl, 81 µmol) were added to a solution of 6 (42 mg, 54 µmol) in dry DMF (2.7 mL) under exclusion of moisture. The mixture was stirred in the dark at room temperature for 2 h under nitrogen. The product was precipitated by the addition of diethyl ether (10 mL). The solid was filtered onto a fine-porosity frit, washed several times with diethyl ether, and vacuum-dried to give 7 (44 mg, 93%), which was directly used for the coupling with amino- [Ru(tpy)(dppz-CONHEt)(CH3CN)](PF6)2 (8). NHS ester 7 (82.5 mg, 95 µmol) was dissolved in 1.2 mL of dry DMF. A 33% ethanolic solution of ethylamine (28 µL, 158.5 µmol of C2H5NH2) was added; the mixture was stirred under nitrogen for 2 h and then concentrated. The residue dissolved in a minimum amount of ethanol was added to a solution of deionized water saturated with NH4PF6. The resulting suspension was partitioned between CH2Cl2 and aqueous NaHCO3. The aqueous phase was extracted with CH2Cl2 (three times), and all combined organic phases were then dried over MgSO4 and evaporated. [Ru(tpy)(11)Cl](PF6) (13). Ru(tpy)Cl3 (189 mg, 0.43 mmol) and compound 11 (228 mg, 0.43 mmol) were heated at reflux for 4 h in 38 mL of EtOH-H2O (3:1, v/v) containing LiCl (100 mg, 2.36 mmol) and Et3N (95 µL) as a reductant. The mixture was evaporated to dryness with a rotary evaporator and redissolved in 12 mL of EtOH-H2O (5: 1, v/v). The hexaflourophosphate salt of product was precipitated by the addition of aqueous saturated NH4PF6. An excess of ethanol was evaporated, and the mixture was kept at 4°C overnight. The solid was filtered onto a fine-porosity frit, washed with cold water and diethyl ether, and air-dried (408 mg, 91% ).
[Ru(tpy)(12)Cl](PF6) (14). (a) Path A. Ru(tpy)Cl3 (88 mg, 0.4 mmol) and compound 12 (167 mg, 0.2 mmol) were heated at reflux for 4 h in 18 mL of EtOH-H2O (3:1, v/v) containing LiCl (47 mg, 1.1 mmol) and Et3N (110 µl) as a reductant. The pot contents were filtered hot, and aqueous saturated NH4PF6 was added to the solution. The mixture was evaporated to dryness with a rotary evaporator and partitioned between CH2Cl2 and aqueous NaHCO3. The aqueous phase was extracted with CH2Cl2 (three times), and all combined organic phases were then dried over MgSO4 and evaporated. The crude material was silica gel chromatographed (0-8% EtOH in CH2Cl2) to give a brown foam (256 mg, 95%).
(b) Path B. Pyridine coevaporated compound 13 (284 mg, 0.27 mmol) was dissolved in dry pyridine (7 mL), and 4,4′-dimethoxytrityl chloride (157 mg, 0.46 mmol) was added. The mixture was stirred for 1.5 h at room temperature and then concentrated. The concentrate was poured into aqueous NaHCO 3, extracted with CH2Cl2, and dried over MgSO4. The residue obtained after evaporation of the organic phase was silica gel chromatographed (0-8% EtOH in CH2Cl2). Yield: 203 mg, 56%.
(c) Path C. Solution of compound 1 (216 mg, 0.41 mmol) in dry DMF (3.8 mL) was added to the activated complex 10 (254 mg, 0.32 mmol) under nitrogen. The mixture was stirred for 2 h at room temperature and then concentrated. The residue was redissolved in 2 mL of EtOH, and the hexaflourophosphate salt of the product was precipitated by the addition of an ethanolic solution of NH4PF6 (5 mL). The resulting mixture was partitioned between CH2Cl2 and aqueous NaHCO3. After extraction of the aqueous phase with CH2Cl2 all combined organic phases were then dried over MgSO4 and evaporated. Silica gel chromatography (0-8% EtOH in CH2Cl2). Yield: 332 mg, 77%.
Rf : [Ru(tpy)(12-succinate)Cl](PF6) (15) and Its Attachment to CPG. Compound 14 (205 mg, 0.15 mmol) and 4-(dimethylamino)pyridine (78 mg, 0.64 mmol) were dissolved in dry CH2Cl2 (2.5 mL). Then, succinic anhydride (62 mg, 0.62 mmol) was added, and the solution was stirred at room temperature for 6 h. The reaction mixture was first extracted with 0.1M citric acid followed by aqueous saturated NaHCO3 solution. The organic phase was dried over MgSO4 and evaporated. (1H, 2s, Hh), 8.56-8.38 (7H, m, H5, H7, H4, H8, Hb, Hh, Hg), 8.21 (1H,  t, H6, J ) 8.2), 7.87 (2H, t, H3 and H9, J ) 7.8), 7.77 (1H, d, Hf, J To a solution of 15 (136 mg, 94 µmol) in dry acetonitrile (7.7 mL) was added 429 mg of aminopropyl CPG, N,N-diisopropylethylamine (1.64 mL, 9.4 mmol), benzotriazol-1-yloxytris(dimethylamino) phosphonium hexaflourophosphate (125 mg, 282 µmol), and N-hydroxybenzotriazole (38 mg, 282 µmol). The mixture was gently agitated at room temperature for 2 h; the CPG was filtered, washed (CH 2Cl2), and assayed for loading of 13 (25 µmol/g resin). The excess of amino groups on the support was then acetylated with 3.3 mL of acetic anhydride-pyridine (9:91, v/v) containing 4-(dimethylamino)pyridine (64 mg) for 2 h. The support was then filtered and thoroughly washed with pyridine, CH2Cl2 (4 times), and diethyl ether (4 times) and then vacuum-dried. MALDI-TOF MS: 1 mL of concentrated aqueous NH3 was added to 20 mg of the modified CPG and the mixture was shaken for 2 h at room temperature. The CPG was then removed by filtration and the filtrate was evaporated and analyzed giving m/z at 901.1, which corresponds to the mass of the compound 13 liberated from CPG and ionized as [M -
[Ru(tpy)(11)(py)](PF6)2 (16). Into a 50 mL round bottom flask were placed 86 mg (92 µmol) of 13 (Cl -salt), 0.26 mL of pyridine, 9 mL of water, and 9 mL of ethanol. The mixture was refluxed with stirring for 5 h. The volume was then reduced by half with rotary evaporation, and a few milliliters of saturated aqueous NH4PF6 solution was added. [Ru(tpy)(11)(CH3CN)](PF6)2 (17). Compound 13 (105 mg, 0.1 mmol) was refluxed under nitrogen in a CH3CN-H2O mixture (30 mL, 4:1, v/v) for 4 h. The reaction mixture was then filtered and concentrated to the volume of ∼8 mL. A saturated solution of NH4PF6 was added, and the acetonitrile was evaporated. The precipitate was filtered, washed with water, and air-dried. The product was purified neutral alumina column chromatography eluting with first with CH3CN-toluene (1:2, v/v), followed by pure CH3CN. The last fraction was collected, and the solvent was removed by evaporation. Yield: 84 mg, 70%. [Ru(tpy)(11)(H2O)](PF6)2 (18). (a) Path A. Compound 13 (202 mg, 0.19 mmol) and silver toluene-p-sulfonate (108 mg, 0.39 mmol) in acetone-water (8 mL, 3:1, v/v) were heated at reflux for 1 h. Silver chloride was filtered off, the solution volume was reduced to ∼2 mL, and a few millilitiers of saturated aqueous NH4PF6 solution was added. The precipitate was filtered, washed with little ice-cold water, and dried in vacuo. Yield: 171 mg, 75%.
(b) Path B. A 9.3 mg (7.8 µmol) amount of 17 was dissolved in 0.6 mL of D2O-CD3COCD3 (2:1, v/v). The resulting solution was
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2+ Conjugates A R T I C L E S irradiated in a NMR tube positioned in 3 cm in front of the lens of a Kodak slide projector (250 W halogen lamp) for 1 h and then transferred into a 25 mL round bottom flask to evaporate with the temperature not exceeding 30°C. ). Synthesis, Deprotection, and Purification of ODNs N, T, and I-IV. ODNs N, T, and I-IV were synthesized on 1.0 µmol scale with an eight-channel Applied Biosystems 392 DNA/RNA synthesizer using conventional 2-cyanoethyl phosphoramidite chemistry. Aminomodified ODNs II and IV were synthesized on amino-linker modified support. Phosphoramidite block 3 was dissolved in dry acetonitrile with a final concentration of 0.15 M and used after filtration for solid-phase synthesis of ODNs I, III, and IV with a coupling time of 10 min (25 s for standard nucleoside amidites). After each synthesis of the protected ODNs, the solid support was transferred directly out from the cassette to a 50 mL round bottom flask containing 20 mL of concentrated aqueous NH 3 and was shaken for 2 h at 20°C. The CPG was then removed by filtration, and the filtrate was evaporated, redissolved in concentrated aqueous NH3, and stirred at 55°C for 17 h. The crude ODNs were purified by semipreparative RP-HPLC carried out on Kromasil 100 C18 column (5 µm) using a Bischoff equipment with pump Model 2250 and Spectrophotometer Lambda 1010 connected to CSW1.7 Chromatographic Station for gradient control. Gradient systems: A (0.1 M (Et3NH)OAc, 5% MeCN, pH 7.0) and B (0.1 M (Et3NH)OAc, 50% MeCN, pH 7.0). The ODNs purity was assayed by denaturing 20% polyacrylamide/7 M urea gel electrophoresis.
Coupling Procedure and Purification of Obtained ODNs V-VIII. A 0.1 M concentration of Na2B4O7 buffer (182 µL, pH 8.5) was added to the activated complex 7 (8.7 mg, 10 mmol) in a 1.5 mL Eppendorf tube. To this mixture was added 415 µL of H2O followed by 597 µL of CH3CN. After the addition of the amino-modified ODN (0.4 µmol) solution in H2O (627 µL), the coupling was performed for 24 h in the dark at room temperature with slow shaking. The reaction mixture was then directly loaded onto a cation exchange Sephadex SP C-25 column (200 × 10 mm) and eluted with 30% CH3CN/H2O to remove excess of unconverted Ru 2+ complex. The eluted orange-peel colored fraction was evaporated with the temperature not exceeding 30°C and purified by RP-HPLC, as described above. Two fractions (a and b) -ODN conjugates was also assayed by denaturing 20% polyacrilamide/7 M urea gel electrophoresis. Because of photosensitivity of ODNs V-VIII, they were handled in subdued light and stored in vials covered with black paper.
Automated Synthesis of ODNs VI. ODN VI was also prepared with DNA/RNA synthesizer using [Ru(tpy)(dppz)Cl] + -modified support and fast deprotecting amidites. After synthesis the CPG was treated with concentrated aqueous NH3 at room temperature for 17 h and filtered off. The remaining filtrate was concentrated in vacuo with the temperature not exceeding 25°C to remove ammonia. Concentrated aqueous solution was lyophilized to dryness and redissolved in 10 mL of CH3CN-H2O (1:1, v/v). The solution was heated at 55°C for 17 h, in the course of which the color of the solution changed from purplered to orange. After evaporation and HPLC purification the purity of ODN VI was confirmed as described above. Two fractions (VIa and VIb) isolated in the course of HPLC purification were identified by ESI-MS: VIa, 3913. 2+ Complexes. MALDI-TOF MS spectra were obtained using a Bruker REFLEX III (Bruker Daltonics, Bremen, Germany) fitted with a delayed extraction and a nitrogen laser (337 nm). A mixture (2:1) of 2,4,6-trihydroxyacetophenone (500mM in MeOH) and diammonium hydrogen citrate (100 mM in H2O) was prepared and 1 µL deposited to dry on a target spot. The sample solution (1-3 µL in H2O) containing ca. 100-300 pmol was mixed with 5 µL of the matrix/citrate mixture and 1 µL was applied on to the prepared sample spot. Most spectra were measured in the linear negative mode except for the products of binding of the Ru 2+ complexes with dGMP and its derivatives, which were obtained in the reflectron positive mode. ESI-MS spectra were recorded using ESQUIRE-LC (Bruker Daltonics, Bremen, Germany) ion trap mass spectrometer. Typical samples containing ca. 100-200 pmol in H2O (20 µL) were briefly (10 min) treated with Dowex(H + ) beads. A 100 nmol amount of diammonium hydrogen citrate in H2O and 2-propanol was added to obtain a 20% 2-propanol solution. The samples were introduced into the ion source by direct infusion at a rate of 2-3 µL/min maintained by a syringe pump. Negative ion spectra were collected at unit resolution and deconvoluted using Bruker's DA2 software.
(III) Molar Extinction of ODNs. The molar extinction coefficients ( ) of unmodified ODNs were calculated by nearest-neighbor method. 42 For ODNs I, II, and IV the molar extinction coefficients were accepted to be equal to the of ODN N. The value of for ODN III was calculated as a sum of corresponding values for 5′-CTTAC-3′ and 5′-CAATC-3′. Concentrations of Ru 2+ -ODNs were determined by accounting for the contribution to the absorbance at 260 nm from the [Ru(tpy)(dppz-L)(CH3CN)] 2+ moiety itself ( Figure S2(C) ). This was done by taking the ratio of the absorption of [Ru(tpy)(dppz-L)(CH3-CN)] 2+ at 260 nm to that at 450 nm (A*260/A*450). The molar extinction coefficient for the Ru 2+ -ODNs ( Ru) was then calculated from the extinction coefficient ( ) for the corresponding amino-modified ODN using the formula where A260 and A450 are optical densities of Ru 2+ -ODN at 260 and 450 nm (λmax), respectively.
(IV) Nucleoside Analysis of ODNs V-VIII by Their Enzymatic Digestion. To a 15.4 µL of aqueous solution of ODN (2 nmol) were added 10 µL of 1 M MgCl2, 10 µL of AP buffer (500 mM Tris‚HCl, pH 9.0), 1.5 µL (0.003 U/µL) of snake venom phosphodiesterase, 1 µL (20 U/µL) of alkaline phosphatase, and 75 µL of H2O. The reaction mixture was incubated at 37°C for 24 h, passed through a 0.45 µm Nylon syringe filter (Acrodisc), and analyzed by HPLC (Nucleosil 100-5C18 column, 4.6 × 200 mm, 5 µm RP-silica) with detection at 260 nm. HPLC mobile phases: A (0.1 M (Et3NH)OAc, pH 7.0) and B (0.1 M (Et3NH)OAc, 50% MeCN, pH 7.0). Peaks were identified by comparison with an authentic mixture of dC, T, and dA nucleosides. Nucleoside ratios were determined by integration of peak areas at 260 nm and normalization using the following molar extinction coefficients: 7300 (dC), 8800 (T), 15 400 (dA).
(V) UV-Vis Spectroscopic and Thermal Denaturation Studies. UV-vis: PC-computer interfaced Perkin-Elmer UV-vis spectrophotometer Lambda 40. Thermal denaturation experiments were performed 
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on the same UV-vis spectrophotometer with PTP-6 peltier temperature controller. UV melting profiles were obtained by scanning A260 absorbance versus time at a heating rate of 1.0°C/min from 10 to 70°C . The melting temperature, Tm ((0.5°C), was determined as the maximum of the first derivative of melting curves. The duplex melting experiments were performed in 1.3 mL of 20 mM Na2HPO4/NaH2-PO4, 0.1 M NaCl, pH 7.0 buffer at hybrid concentration of ∼1 µM. After preparation, the solutions consisting of two components (for forming of duplexes) were heated to 85°C for 5 min and then allowed to cool to 20°C for 30 min under shaking. During the melting measurements at temperatures below ∼15°C, nitrogen gas was continuously passed through the sample compartment to prevent moisture condensation.
(VI) Photolysis Experiments on DNA‚DNA Duplexes. The duplex photolysis experiments were performed in 20 µL of 20 mM Na2HPO4/ NaH2PO4, 0.1 M NaClO4, pH 6.6 buffer at hybrid concentration of ∼10 µM. After mixing of two duplex forming components, containing 5′-32 P-labeled target strand T as a tracer, the solutions were heated to 85°C for 5 min, allowed to cool to 20°C for 30 min, and then irradiated with a Kodak slide projector (250 W halogen lamp) in a heavy-walled glass test tube (35 × 6 mm o.d.) positioned in 3 cm in front of lens. After irradiation the reaction mixtures were lyophilized and analyzed by electrophoresis through a 20% polyacrylamide/7 M urea denaturing gel. DNA fragments were visualized and quantified by autoradiography using a Molecular Dynamics PhosphorImager. k1 is the rate constant for the forward reaction, and τ is the relaxation time, after which the reaction system approaches the equilibrium in e time, i.e.
when 
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